INTRODUCTION
In recent years considerable interest has developed in the use of phase methods for the measurement of fluorescence lifetimes. The high accuracy and rapid determination of the lifetime value have frequently been considered the major advantages of this technique when compared with pulse methods. However, it was soon realized that a large number of modulation frequencies were needed to acquire the same information that is obtained by the direct recording of the time decay (1, 2) . The importance of this capability has been recently emphasized (3) . An application of multifrequency phase fluorometry to the measurement of oxygen quenching in proteins is reported in a companion paper (D. Jameson, E. Gratton, B. Alpert, and G. Weber, submitted for publication). The multifrequency capability of the instrument described in this report was the crucial feature for the understanding of the diffusion of oxygen in proteins. Although no continuously variable frequency phase fluorometer is commercially available, the instrument described here is made entirely of parts available on the market. It includes a laser light source, an electro-optical modulator of the laser intensity, an optical module to house the sample, photomultipliers, filters, and an electronic module for signal analysis. A detailed description of the principle and operation of the instrument is presented here together with a few selected examples. A discussion of possible artifacts in the measurements is also included.
Several descriptions of phase fluorometers have appeared in the literature (4) (5) (6) (7) (8) (9) . A cross-correlation phase fluorometer with subnanosecond resolution using two modulation frequencies has been reported by Spencer and Weber (10) . A variable frequency instrument has been described by Haar and Hauser (1 1). The latter instrument uses a laser as a light source but does not make use of the cross-correlation technique. To our knowledge there have been no reports of a continuously variable frequency cross-correlation phase fluorometer. There are at least two major advantages of using the cross-correlation technique over using other phase-detection techniques. First, the low frequency part of the cross-correlation signal allows phase and modulation measurements to be performed using accurate digital methods. Second, the phase coherence of the modulation frequency and the cross-correlation frequency, as described later, nulls the phase jitter of the high frequency oscillator.
PRINCIPLE OF CROSS-CORRELATION PHASE FLUOROMETRY
The principle of operation of a cross-correlation phase fluorometer has been described by Spencer and Weber (10) . When a fluoresecent probe is excited with sinusoidal intensity-modulated light of angular frequency w = 2irf, the emitted fluoroscence has the same frequency of modulation but is demodulated and phase-shifted with respect to the exciting light. The phase shift, X, and the modulation factor, M, are related to the lifetime, r, of the fluorescent excited state by the relations tan 4 = CT M = MF/ME = 1/ + (CT)2, (1) where MF and ME are the modulation of the fluorescence and excitation, respectively. The angular frequency c is of the order of 1 where Aw = wc -c and AO = Xc -k. If wc is very close to w, then Eq. 4 contains a constant term plus a term of frequency w, plus a term of frequency 2w, plus a term of frequency Aw. The term of frequency Aw contains all the phase and modulation information of the original fluorescence signal. In the instrument described in this report, fc has been set to 31 Hz (where Aw = 27rfc). This low frequency component in Eq. 4 can be totally filtered from the remaining terms. In the real system both the light intensity and the electronic signal used for the cross correlation are not pure sinusoidally varying signals. The effect of the harmonic content will be discussed later.
MODULATION OF THE LIGHT INTENSITY
The overall optics and electronics layout of the fluorescence lifetime instrument is shown in Fig. 1 . The light source is an argon ion laser (model 164/9; Spectra-Physics Inc., Mountain View, CA) equipped with selective prism wavelength and ultraviolet optics. Sinusoidal modulation of the light intensity is obtained with an extra-cavity electro-optical element (model IM1; Pockels cell, Lasermetrics Inc., Englewood, NJ) driven by a radio frequency (RF) power amplifier (41 1AL lOW; Electronic Navigation Industries Inc., Rochester, NY). As shown in Fig. 1 , the light from the laser passes first through a polarizer P1 in order to increase the polarization of the laser light. This step is required due to the imperfect polarization of the laser beam and to minimize background light due to noncoherent emission from the plasma discharge of the laser tube. Furthermore, the polarization direction of the exciting light is set to 550 with respect to the horizontal direction to eliminate polarization effects in the fluorescence measurement (12) . Once polarizer P1 and P2 are aligned, i.e., when the polarization plane of P1 is at 550 with respect to the laser polarization plane and P2 is perpendicular to polarizer P1, the Pockels cell is intro- duced between P1 and P2. The x-axis of the Pockels cell is accurately oriented at 450 with respect to the polarization plane of the polarizer P1, and the z-axis is aligned with the laser beam. The Pockels cell is mounted on a gimbal mounting such that horizontal, vertical, and rotational motions are allowed. The correct alignment of the Pockels cell is detected by the appearance of a sharp dark image after polarizer P2. This dark band moves up and down as an alternating voltage is applied to the Pockels cell. The driver circuit is shown schematically in Fig. 2 monitored with a wattmeter (model 4430; Bird Electronic Corp., Cleveland, OH). Usually the power output is kept between 5 and 10 W over all the frequency range 1.0-160 MHz. The peak-to-peak voltage at the Pockels cell can be calculated from the measured power, P, as Vp= 2.8 x (P xR,) . (6) This voltage is in the range 45-65 V. The light intensity as measured by the reference photomultiplier as a function of the biasing voltage, Vb, is shown in Fig. 3 . The biasing voltage, Vb, is chosen so that the modulation frequency is equal to the RF driving frequency. Vb is therefore set to a value between 50 and 70 V. At very low voltage there is a slight deviation from the quadratic law (not visible in Fig.  3 ). The reason for this deviation can be qualitatively understood if the optical system is considered. Suppose for example that the dark band moves up, so that the upper part is dark but the lower part is bright, when the band moves down the opposite occurs. The net result is a decrease in the overall modulation. Furthermore the modulated intensity will be the sum of two sinusoidal modulated signals spatially separated and with opposite phase. If the detection system is not perfectly independent of the geometry of the beam, quite dramatic effects can occur. These will be discussed later in the section on systematic errors. We choose the biasing voltage such that the dark band is always in the upper or lower part of the laser beam as the alternating voltage is applied. The modulated light beam is sent to the entrance of an optical module (model OP450; SLM Inc., Urbana, IL). Fig. 4 shows schematically the optical path. The incoming beam is split (1:100) by a quartz plate and a fraction of the beam is sent to a scattering cuvette. The scattered light is detected by the reference photomultiplier (PMT3; Hamamatsu Corp., Middlesex, NJ). A neutral density filter in filter holder Fl can be used to attenuate this beam. The reference signal is normally used as a reference for the phase signal only. The Fig. 8 we report the normalized frequency response of the system. The modulation was measured for a scattering solution. The biasing voltage at the Pockels cell was set to 50 V. The RF power at the light modulator was 5 W at 10 MHz. For the results reported in Fig. 8 
ANALYSIS OF THE HARMONIC CONTENT
It is important to analyze the signals generated in the instrument in order to understand the response of the system to distortions introduced by the intrinsic nonlinear elements of the circuit, namely, the Pockels cell and the dynode characteristic, and to demonstrate the negligible influence of these distortions on the lifetime measurement.
The response of the light modulator can be approximated by a quadratic function for low biasing voltages (see Fig. 3 The cross-correlation signal for the modulation of the photomultiplier current will be described by a similar expression C(t) = Co[ -f cos (l wt + ) I= 1,2 .... (10) The harmonic content of C(t) is greater than that of the fluorescence signal because of the highly nonlinear characteristic of the photomultiplier dynode. At the output of the photomultiplier the waveform will be V(t) = F(t) -C(t) = FOCO -1Efkcos (kwt + kk)] Ik x[1 -IfCos ((lwct + 4c?lJ (11) The average value of Vis given by VDC=FoCo. (12) This voltage constitutes the DC signal.
To calculate the lowest frequency we notice that the difference between w and wc is the cross-correlation frequency,f = 31 Hz. The lowest frequency term is obtained for k = 1, I = 1. VAc = FoCof, f cfcos (2irC t + 4I -c).
(13) This is the only term giving a frequency fc. All other combinations for different values of k and 1 give a frequency of 2f, or greater. The response curve of the AC filter is reported in Fig. 7 . This filter rejects the frequency 2fc with respect to f, by a factor of 200. This analysis demonstrates that the distortions introduced by the nonlinearity in the modulation of the light and in the modulation of the photomultiplier do exist, but have a negligible effect on the measurements since the filter will reject them. The expression derived for the AC and DC signals can be used to calculate the theoretical value of the AC/DC ratio for a scattering sample.
(AC/DC),tt = fi fc (14) This expression shows that to achieve a high AC/DC ratio bothf, andf c must be as large as possible. In general, f, and fc are close to one over the entire frequency range.
This analysis also shows that a high frequency pulsed light source with a large harmonic content is as well suited for cross-correlation phase fluorometry as a sinusoidally modulated source (13, 14) . 
where the ratio AC/DC has been previously defined.
The phase angle is measured in degrees with a resolution of 0.010 over the entire frequency range (1 to 160 MHz) for a 20-s integration time. The noise in the phase measurement depends on many factors, the major one being the signal intensity. Generally the standard deviation for a series of ten phase measurements in typical signal conditions is on the order of 0.05-0.100. Phase drifts over a long period of time, and systematic errors are generally greater than phase noise. Phase drifts can be taken into account by alternating measurements of the phase delay for the scattering and fluorescent sample. Over a period of 6 h the phase drift is <10. Systematic errors in the phase values will be discussed later. However, taking into account only phase noise, the resolution in phase at a frequency of 100 MHz corresponds to an actual lifetime resolution on the order of 2-3 ps. This is the minimum lifetime difference that can be detected with this instrument using phase measurements.
The modulation is a ratio of two voltages. The accuracy in the determination of the modulation is 10-3. In normal signal conditions the standard deviation for a series of two modulation measurements is 2 x 10-3. Modulation drifts are larger than phase drifts. Modulation drifts of 102 over a period of 6 h have been noticed. Systematic errors in the determination of the modulation values will be discussed in the next section. Considering only modulation measurements the minimum lifetime difference that can be detected is 5 ps at 100 MHz. Note here that we are considering lifetime differences at maximum modulation sensitivity. When other than ideal conditions occur, the sensitivity of the measurement decreases (13) .
SYSTEMATIC ERRORS IN THE DETERMINATION OF PHASE AND MODULATION VALUES
In our experience with phase fluorometry for the past several years we have found at least two different kinds of systematic errors that can give rise to dramatic effects on the measured values of phase and modulation. The first error, due to nonhomogeneous modulation of the light beam, can give rise to completely erratic data. This effect can be particularly large for acousto-optic modulators. It is our opinion that this effect has been largely neglected in considering possible artifacts in lifetime measurements by phase fluorometry. The nonhomogeneous modulation effect is strongly reduced in the electro-optical light modulator used in this report. The second effect depends on the wavelength-dependent phase delay due to the different kinetic energies of the emitted electrons at the photocathode. This color effect has been extensively discussed (2, (15) (16) (17) (18) . It can be minimized by using a reference substance of known lifetime with emission at the same wavelength as that of the sample to be measured.
To illustrate the origin of these two systematic errors consider a light beam of a given cross section and suppose the modulation of the beam is nonhomogeneous in both phase and amplitude. For example suppose one component of the beam has a time dependence, A(t), and the other component a similar time dependence, B(t), where emission is The correction factor multiplying the modulation can be larger or smaller than one. The expressions given above for 4 and M can be easily generalized to the case of dividing the exciting beam into more than two parts.
To calculate the magnitude of the effect of the nonhomogeneous modulation on the measured values of lifetime by phase and modulation, consider the following example. 
where k = BO/AO and I = MB/MA. In Fig. 9 Fig. 13 . The excitation was at 488 nm and the emission at 705 nm. For this sample the emission follows a quite complex pattern. The apparent lifetime by phase depends on the emission wavelength. Furthermore the analysis using only to exponential components fails to give a satisfactory fit over all the emission band.
